Background and objectives Supraventricular arrhythmias are associated with high morbidity and mortality. Nevertheless, this condition has received little attention in patients on hemodialysis. The objective of this study was to analyze the incidence of intradialysis supraventricular arrhythmia and its long-term prognostic value.
Introduction
Cardiovascular disease is the main cause of death in patients with ESRD undergoing hemodialysis (1, 2) . In the US Renal Data System (USRDS) database, two thirds of cardiac deaths are caused by sudden death and arrhythmias, making up .25% of overall mortality (3, 4) . Supraventricular arrhythmias (SVAs), especially atrial fibrillation (AF), are an increasingly common problem among patients on hemodialysis (5) (6) (7) (8) . CKD involves a series of risk factors for this condition, and hemodialysis can favor SVA onset and maintenance (9) (10) (11) . However, SVAs have received scarce attention in the medical literature, so that the USRDS annual data report called AF "a neglected cardiovascular problem in dialysis patients" (12) . Most studies are heterogeneous in terms of the populations studied, the definition of arrhythmias, and the methodology used in diagnosis. These studies merely take into account permanent alterations of rhythm and not the intradialysis paroxysmal episodes that can only be detected using continuous electrocardiographic monitoring. These are the reasons why there is a tremendous variability in the reported incidence and prevalence of SVA (13) .
In the general population, the risk of mortality is increased in patients with AF compared with people who remain in sinus rhythm (14) . Studies of patients undergoing hemodialysis show a similar prognosis in series including only patients with permanent AF (15, 16) . However, we know little or nothing about the long-term prognostic role of asymptomatic intradialysis SVA. Recent reports suggest that silent AF is an important risk factor for stroke in the general population (17, 18) , but relevance of subclinical SVA has not been proven in patients on hemodialysis.
The objective of this study was to analyze the incidence of intradialysis SVA, including asymptomatic arrhythmias, and its long-term association with adverse events in a cohort of patients undergoing hemodialysis.
Materials and Methods

Patients
We performed a prospective observational study. All procedures were conducted within the guidelines of Good Clinical Practice (19) , and all patients were recruited for study participation and not for clinical indications, providing their written informed consent for this purpose before any study-specific procedures. A cross-sectional baseline analysis was carried out at recruitment. Followup of the patients continued for up to 10 years or until death or renal transplant. All patients were in sinus rhythm and had been on maintenance hemodialysis for at least 6 months. The exclusion criteria were antiarrhythmic therapy, permanent pacemakers, heart transplant, hospitalization, terminal malignancy, residual renal function, inadequate dose of dialysis, and central venous catheters.
Cardiovascular Evaluation
All patients were evaluated by a cardiologist at the beginning of the study, during the recruitment period, and during follow-up. The evaluation involved a clinical assessment, 12-lead electrocardiogram to determine baseline rhythm, color Doppler transthoracic echocardiogram, and Holter electrocardiogram (ECG) monitoring over six consecutive hemodialysis sessions (2 full weeks). Monitoring was started before the beginning of the session and stopped after the end of the dialysis procedure.
SVAs were defined as the association of three or more consecutive supraventricular extrasystoles or flutter or AF (20) . The echocardiographic studies were performed in all patients after the midweek dialysis session with patients in their dry weight, thus avoiding the interference of weight gain in the cardiac evaluation. The studies were carried out during the recruitment period by a single cardiologist using the definitions of the American Society of Echocardiography, which were recorded for later viewing and verification (21, 22) . All were analyzed blind by a cardiologist using a semiautomatic system (SpaceLabs).
Variables Analyzed
The main demographic variables registered included age, sex, etiology of ESRD, hemodialysis vintage, body mass index, previous history of paroxysmal AF, and cardiovascular risk factors. Comorbidity was registered using the Charlson index (23) , and the most relevant pharmacologic treatments prescribed were recorded. The serum values of hemoglobin, creatinine, calcium, phosphorus, albumin, cholesterol, triglycerides, C-reactive protein (CRP), and parathyroid hormone were determined during the recruitment period using standardized methods. During the hemodialysis sessions, when the Holter ECG was recorded, we also measured sodium, potassium, magnesium, calcium, and bicarbonate levels at the beginning and after 60, 120, 180, and 240 minutes.
Hemodialysis Characteristics
All patients were undergoing high-flux hemodialysis three times a week with an arteriovenous fistula as vascular access. Dialysate flow was maintained at 500 ml/min, with the temperature between 35.5°C and 36°C. Bicarbonate was used as a buffer, and the electrolyte composition was identical for all patients (sodium: 140 mEq/L; potassium: 1.5 mEq/L; calcium: 3 mEq/L; magnesium: 1 mEq/L; acetate: 4 mEq/L; bicarbonate: 36 mEq/L; and glucose: 150 mg/dl). The duration of the dialysis sessions was 240 minutes adjusted for Kt/V Daugirdas .1.3. We also registered weight gain between dialysis sessions, tolerance, and clinical events and symptoms during the sessions.
Statistical Analyses
Continuous variables were analyzed using the KolmogorovSmirnov test to verify a normal distribution. They are described as means6SD or medians and interquartile ranges for non-normal distributions. Variables were compared using the t test or Mann-Whitney test according to data distribution. Categorical variables are expressed as percentages and compared using the chi-squared test. CRP values were observed to follow an exponential curve and underwent logarithmic transformation. Multiple regression analysis and mediation analysis (Sobel test) were performed to investigate the significant factors associated with SVA. Kaplan-Meier survival analysis was performed, and the curves were compared using the log rank test. We performed Cox proportional hazards models to evaluate the relationship between the most relevant clinical variables and mortality. Model 1 was adjusted for age, sex, time on dialysis, coronary artery disease, congestive heart failure, diabetes mellitus, left ventricular mass index, left ventricular ejection fraction, atrial enlargement, CRP, hemoglobin, albumin, and cholesterol, and model 2 was adjusted for variables in model 1 plus SVA. The variables included were statistically significant in the univariate analysis or those with clinical relevance. Independent nephrologists and cardiologists at our center provided a systematic adjudication of outcomes. A P value ,0.05 was considered statistically significant. All statistical analyses were performed using SPSS 20.0 (IBM SPSS, Chicago, IL).
Results
Baseline Characteristics
Ninety-eight white patients undergoing hemodialysis in our center were initially recruited for study participation. Of these, 85 fulfilled the inclusion criteria. Eight of them were ruled out according to the exclusion criteria (antiarrhythmic treatment [ Of the 77 patients, 66.7% had left ventricular hypertrophy, 76.2% had left atrial enlargement, and 50.7% had diastolic dysfunction. The echocardiographic results were normal for only four patients ( Table 1) .
Incidence of SVAs
The intradialysis Holter ECG recordings revealed 84 episodes of arrhythmias in 44 patients (57.1%), resulting in an incidence of 181 arrhythmias per 1000 hemodialysis sessions. SVAs were the most frequent arrhythmias, with a total of 72 episodes in 38 patients (49.3%), compared with 12 episodes of ventricular arrhythmias in ten patients (12.9%). Median duration of SVA was 2.1 seconds (interquartile range, 1.1-5.3 seconds), and only seven arrhythmias (three AFs and four atrial flutters) were sustained. Supraventricular tachycardia was the most frequent arrhythmia (52 episodes in 33 patients) followed by atrial flutter (13 episodes in ten patients) and AF (seven episodes in six patients). All SVAs were asymptomatic and self-limiting, including the longest lasting episodes of flutter and fibrillation.
The patients with SVA were older, had a previous history of paroxysmal AF, and had higher CRP levels. Right atrial enlargement was the only echocardiographic finding associated with SVA (Table 1) . No differences were found in predialysis serum potassium levels between patients with and without SVA (5.760.9 and 5.760.7 mEq/L, respectively; P=0.88). However, we observed that patients with SVA did not experience arrhythmias in all of the sessions. Analysis of electrolyte changes during the episodes of SVA showed a greater mean percentage decrease in potassium levels during those sessions (P=0.03). These decreases were no different from those observed in patients without SVA (Figure 1 ). Logistic regression analysis revealed that only age (hazard ratio [HR], 1.04 per year; 95% confidence interval [95% CI], 1.00 to 1.08) and right atrial enlargement (HR, 4.29; 95% CI, 1.30 to 14.09) were independently associated with the presence of SVA. The Sobel test to determine the role of potassium was 1.21 (P=0.22), showing there was no evidence of mediation.
The incidence of SVA increased as the dialysis session progressed, with 43% of the SVAs occurring during the last hour. We recorded 32.066.1 minutes per patient-session before dialysis and 50.767.8 minutes per patient-session after dialysis. No SVAs were observed predialysis, and only four episodes were observed postdialysis. We found no increased incidence of SVA on any specific day of the week.
Analyses of Mortality
Patients were followed up to 10 years, with the median follow-up in the overall group of 40 months (interquartile range, 18-72 months). During this period, 57 patients died, and 15 received transplants. No patients were lost to follow-up. Cardiovascular disease was the main cause of death (53%) followed by infection (28%). It was not possible to determine the cause of death in two patients (one in each group). We analyzed patient characteristics according to progress and found no differences in hemodialysis parameters or echocardiographic findings. Age, coronary artery disease, and CRP were associated with overall mortality in the Cox regression analysis (model 1); however, additional adjustment for SVA (model 2) modified these results (Table  2 ). Age and CRP remained associated with mortality but not coronary artery disease, in which the relationship was attenuated and no longer statistically significant. SVAs were the strongest factor associated with all-cause mortality. We independently analyzed the association between SVA and survival. Mean survival was 68 months for patients without SVA and 28 months for patients with SVA; all-cause mortality was higher among patients with SVA (log rank =12.45; P,0.001). The survival curves show a clear difference between the patients with and without SVA (Figure 2 ). No significant relationship between duration of arrhythmia and mortality was found.
Cardiovascular mortality was higher among patients with SVA than in patients without SVA (log rank =7.36; P,0.01) (Figure 3 ). SVAs were also the strongest factor associated with cardiovascular mortality after adjusting for defined variables (Table 3) . Sudden death was the single most frequent cause of death in the SVA group (34.7% versus 14.3% in non-SVA group; P=0.01). In our series, three patients with SVA (13.1%) and one patient without SVA (14.3%) died from stroke (P=0.93).
Analyses of Cardiovascular Events
Eighty-seven nonfatal cardiovascular events were recorded in 47 patients (61.0%). Coronary ischemia, congestive heart failure, peripheral vascular disease, and symptomatic arrhythmias were the most frequent events in the SVA group (Figure 4) . In the Cox model, SVAs were associated with a higher risk of nonfatal cardiovascular events adjusted for the most relevant clinical variables (HR, 4.32; 95% CI, 2.11 to 8.83).
Symptomatic arrhythmias diagnosed during the followup were analyzed independently. Eleven patients were diagnosed as having paroxysmal AF. Of these, seven progressed to chronic AF in follow-up. Seven patients had SVA in the Holter ECG performed at baseline, and all of them were treated with antiarrhythmics. An adjusted Cox model revealed that SVAs in the Holter ECG at the start of the study were the major independent predictor of symptomatic AF (HR, 17.19; 95% CI, 2.03 to 145.15).
Discussion
We found a high incidence of intradialysis SVAs, all of which were short, self-limiting, and asymptomatic. These arrhythmias were detected using continuous ECG monitoring in 49.3% of patients. It is difficult to establish a comparison with other series because of the heterogeneous methodology, the different diagnostic procedures, and even the definition of SVA (5) (6) (7) (8) . Most of these studies only analyzed patients with chronic AF or symptomatic arrhythmias. In our series, nonsustained supraventricular tachycardia was the most frequent arrhythmia, and all episodes were silent. These arrhythmias can only be diagnosed by continuous ECG monitoring methods, such as we used in our study.
Recent attention has centered on the relationship between nonsustained supraventricular tachycardia and AF, especially in patients with structural heart disease, which was the condition affecting most of our patients (24). Vincenti et al. (25) showed how paroxysmal AF episodes in patients on hemodialysis were preceded by a marked increase in supraventricular ectopic beats. We found a strong relationship between SVA in the Holter ECG and symptomatic AF during the follow-up. This finding is consistent with the natural history of this arrhythmia (26) . Using continuous ECG monitoring to detect SVAs, which are imperceptible by other methods, enabled us to select a population that was susceptible to paroxysmal or permanent AF.
The patients who developed SVA were older; this is a universal finding in AF in both the general population and patients undergoing hemodialysis (5, 7, 14, 27) . Right atrial enlargement was the only echocardiographic finding that differentiated patients with SVA from patients who were free of these arrhythmias. The relationship between the diameter of the right atrium and developing atrial arrhythmias during hemodialysis has received little attention. In their study of 183 patients, Acar et al. (28) showed that age and right atrium enlargement were the only factors related to SVA. Atar et al. (29) reached similar conclusions, although neither group offered a definitive explanation for their findings. As in our study, the population in both cases had been on long-term hemodialysis. Likewise, all of the patients had an arteriovenous fistula as vascular access. In many patients, these fistulas were located in the proximal part of the arm where blood flow is high, which causes chronic volume overload, closely related to atrial remodeling (30) . Recent studies highlighted the role of right atrial dilation and remodeling in the development of AF, making it a good predictor of recurrence after cardioversion and pulmonary vein catheter ablation (31, 32) .
Patients with SVA did not develop arrhythmias in all of the sessions. We observed a higher mean percentage decrease in potassium in those sessions as previously described by other authors (33) . Krijthe et al. (34) described the risk of AF in patients with hypokalemia. In this series, low serum potassium levels were no different from those observed in patients without SVA. Taken together, these observations suggest that intradialysis variations in serum potassium levels only play a role in susceptible individuals. The presence of asymptomatic SVA was associated with significantly higher risk for mortality in our patients. Interest in the long-term prognostic role of SVA in patients undergoing hemodialysis has grown recently. Different studies show that the risk of death is greater in patients with AF than in those who maintained sinus rhythm (5, 7, 15, 35) . Vazquez et al. (15) analyzed the prevalence and evolution of AF in 256 patients over a 4-year period. Age and AF were related to mortality as observed in our study. Wizemann et al. (7) and Winkelmayer et al. (5) also showed the association between AF and overall mortality in patients on hemodialysis. Finally, in their meta-analysis, Zimmerman et al. (13) grouped together the main studies on SVA in patients undergoing hemodialysis. Most reported a worse prognosis among patients with SVA. In the studies cited above, diagnosis of AF was made using a 12-lead surface ECG, clinical records, or hospitalization data of the patients. Continuous ECG registers were not carried out in these studies, such as in our series. Therefore, asymptomatic episodes were never registered, and subclinical arrhythmias were not evaluated. In recent years, continuous ECG monitoring has provided useful data about the role of asymptomatic arrhythmias in cryptogenic stroke (17, 18) . However, the association of subclinical SVA with clinical outcomes has not been studied in patients on hemodialysis up to now. In our study, we observed how, despite its silent behavior, SVAs were strongly associated with long-term all-cause and cardiovascular mortality. Sudden death was the single most frequent cause of death within the group with SVA. We found that 88.8% of the patients who suffered sudden death had developed SVA during the sessions in which Holter ECG tests were carried out. Genovesi et al. (36) showed how AF was associated with a higher risk of sudden death in patients undergoing long-term hemodialysis, such as in our series. Although the relationship between SVA and sudden death is controversial, various studies have shown that both disorders are pathogenically associated (37, 38) . Silent SVAs probably represent an early and underestimated warning sign associated with an increased risk of mortality. The Monitoring in Dialysis Study, using implantable loop recorders, will be able to provide novel insights in this field (4).
Lastly, we observed a greater risk of cardiovascular events in patients with SVA. This finding has been reported among patients with atrial arrhythmias (14, 39) . However, we had too few events to examine the association with ischemic or hemorrhagic stroke.
Our study is limited by its small sample size and singlecenter design. We studied prevalent long-term patients on hemodialysis, all of them white, limiting generalizability to other populations. Nevertheless, it does benefit from a follow-up of up to 10 years. Furthermore, multiple and strict exclusion criteria established at recruitment ensured that the study population was homogeneous. Additionally, all of the cardiovascular evaluations were carried out by the same cardiologist who had proven experience in this field and more specifically, electrophysiology and echocardiography. Likewise, all echocardiographic studies were carried out in the interdialytic period when the patients were euvolemic. We achieved a high level of diagnostic sensitivity in the Holter ECG registers, with each patient analyzed over six complete and consecutive sessions of hemodialysis, resulting in .24 hours of recording per patient. Finally, over these 10 years, some medical practices have changed as a result of new medical advances.
In conclusion, the incidence of intradialytic SVA was high in our patients undergoing hemodialysis. SVAs were short, asymptomatic, and self-limiting, and although silent, these arrhythmias were strongly associated with mortality and cardiovascular events.
